To evaluate the role of sexually dimorphic tissue expression of 11 -oxidase activity of 11 -hydroxysteroid dehydrogenase (11 HSD) in gender-associated blood pressure differences, we have studied female and male hypertensive rats of two different strains and their normotensive controls: spontaneously hypertensive rats (SHR), Wistar-Kyoto rats (WKY) and Dahl salt-sensitive (SS/Jr) and salt-resistant rats (SR/Jr). In hypertensive SHR and SS/Jr, but not in normotensive strains WKY and SR/Jr, blood pressure reached a higher level in males than in females. The activity of 11 HSD was higher in the renal cortex, medulla, colon and aorta of males than of females in all investigated strains with the exception of aortic 11 HSD in SHR and WKY rats, both of which had very low 11 -oxidase activity. In contrast to gender-dependent differences, strain differences of 11 HSD were observed in a limited number of tissues only. Renal medullary 11 HSD showed significantly lower activity in WKY than in SHR, whereas no difference was observed in the renal cortex.
Introduction
A number of epidemiological and clinical studies have confirmed that male subjects have a greater predisposition toward hypertension than premenopausal women of the same age. Such gender-associated differences in blood pressure regulation have also been documented in various hypertensive rat models, including spontaneously hypertensive and Dahl salt-sensitive rats, the males of which have higher cold buffer (200 mmol/l sucrose, 10 mmol/l Tris/HCl, pH 8.5 ) and centrifuged at 1,000 g for 10 min. The supernatant was assayed for protein concentration using the Coomassie Blue method and 11β-oxidase activity of 11βHSD was measured by radiometric assay. In vitro, 11βHSD1 is a NADP (H) or NAD (H)-dependent 11β-oxidoreductase that has KM in micromolar range, whereas 11βHSD2 is exclusively a NAD -dependent 11β-dehydrogenase that has KM in nanomolar range (12) . On the basis of these studies, an assay with 20 nmol/l corticosterone and NAD was designed to estimate 11βHSD2 activity. The assay was done as previously described (23) . Briefly, the dehydrogenase activity was determined by measuring the conversion of 20 nmol/l [ 3 H]-corticosterone to [ 3 H]11-dehydrocorticosterone in a buffer containing 100 mmol/l KCl, 50 mmol/l Tris/HCl and 0.4 mmol/l NAD (pH 8.5). Tissue homogenates (in mg/ml: kidney, 0.125; colon, 1.0; aorta, 0.5) were incubated at 37°C for 10 (kidney), 30 (colon), or 150 min (aorta), respectively, and the reaction was terminated by cooling. The amounts of protein and the incubation times were determined in preliminary experiments to establish the optimal conditions for each tissue, in order to work in the linear portion of the enzyme reaction. The samples were centrifuged for 15 min (3,000 g) and the steroids were extracted on Sep-Pak C18-cartridges (Waters, Milford, USA), dried under nitrogen and stored at 20°C. Blank incubations without tissue were carried out in each experiment to determine nonspecific conversion of corticosterone and the experimental data were adjusted accordingly.
In separate experiments 11β-oxidase bioactivity of 11βHSD was measured in aseptic prepared fresh fragments of intact renal, colonic, and vascular tissues (24, 25) . Tissue slices of the renal cortex and medulla (100 mg), colon (250 mg), and aorta ( 500 mg) were incubated in sealed vessels containing oxygenated incubation solution at 37°C for 20 (kidney), 90 (colon), or 240 min (aorta). The incubation solution contained (in mmol/l): NaCl, 119.0; CaCl2, 1.2; MgCl2, 1.2; NaHCO3, 21.0; K2HPO4, 2.4; KH2PO4, 0.6; glucose, 10.0; glutamine, 2.5; β-hydroxybutyrate, 0.5, mannitol, 10.0; and 1.45 µmol/l corticosterone. At the end of incubation, an internal standard of deoxycorticosterone (1.45 µmol/l) was added, and the solution was chilled and extracted as described above.
Corticosterone and 11-dehydorcorticosterone were estimated by high-performance liquid chromatography as described previously (25) .
Statistical Analysis
Results are given as the mean SEM for the indicated number of rats. Statistical analysis of the data was performed by two-way analysis of variance (strain vs. gender) with subsequent application of Newman multiple range test to determine significant differences among individual means. Values of p 0.05 were considered to indicate statistical significance. has been described in various organs (9) (10) (11) , these phenomena might also be related to gender differences in blood pressure. Even if the exact mechanisms mediating corticosteroid-induced hypertension are still not fully understood, the enzyme 11β-hydroxysteroid dehydrogenase isoform 2 (11βHSD2) seems to play an important role in this process. 11βHSD2 catalyzes the conversion of biologically active glucocorticoids cortisol and corticosterone to their 11-oxo derivatives cortisone or 11-dehydrocorticosterone, respectively (12) . Since local glucocorticoids within the vascular wall potentiate the vasoconstrictive action of a number of pressor substances, the local metabolism of glucocorticoids mediated by 11βHSD2 seems to be involved in regulation of vascular tone (13) . Similarly, the impairment of the renal 11βHSD2 activity seems to be involved in the elevation of blood pressure due to enhanced renal Na retention (14, 15) .
Much as in human hypertension (8) , abnormalities in corticosteroid production and metabolism have been found in rat models of hypertension (16) (17) (18) (19) , and changes in dietary NaCl intake have been shown to modulate 11βHSD2 (20) (21) (22) . However, these studies did not analyze the contribution of gender status to peripheral metabolism of glucocorticoids. To examine the possible role of 11βHSD2 in the sexually dimorphic pattern of hypertension development, we measured the conversion of corticosterone in the vascular tissue and kidneys of spontaneously hypertensive and Dahl salt-sensitive rats and their respective normotensive controls. For purposes of comparison, 11βHSD activity was also studied in the colon, an intestinal segment in which Na transport properties were similar to those of the renal collecting duct.
Methods

Animals
Male and female adult spontaneously hypertensive rats (SHR), normotensive Wistar-Kyoto rats (WKY) and Dahl salt-sensitive and salt-resistant rats (SS/Jr, SR/Jr) were obtained from the breeding colonies of the Institute of Physiology (Czech Academy of Sciences, Prague, Czech Republic). SHR and WKY were maintained on a standard chow, whereas Dahl rats (10 weeks old) were fed a low salt diet (0.2% NaCl) before being placed on a high salt diet (8% NaCl) for 6 weeks before the sacrifice. Blood pressure was measured by a direct puncture of the carotid artery under light ether anaesthesia. The experiments were approved by the Animal Care and Use Committee of the Institute of Physiology.
HSD Activity
The rats (age: 90-115 days) were killed by cervical dislocation, and the kidney, aorta, and colon were removed and dissected from the surrounding tissue on ice. The tissues were homogenized in a Polytron homogenizer in 9 volumes of ice-
Results
Blood pressure was significantly higher in SHR than in their normotensive controls (WKY), and blood pressure in males was higher than that in females (Table 1) . Similarly, a highsalt diet given for 6 weeks increased blood pressure in SS/Jr but not in SR/Jr rats, and this increase was higher in males than in females.
11βHSD activities were measured in the aorta, colon, and renal cortex and medulla of both males and females. As shown in Tables 2-4 , the gender significantly influenced 11βHSD activity in all investigated tissues. In contrast, strain differences were observed in all tissues with the exception of the renal cortex. However, the strain differences reflected predominantly changes between the biochemical phenotype of SS/Jr and SR/Jr rats on one side and SHR and WKY rats on the opposite side.
11β-Oxidase activity is not distributed homogeneously in the kidney (12) , and therefore, 11βHSD was studied separately in the renal cortex and medulla. As shown in Table 2 , the activity of renal 11βHSD was 2-5 times higher in males than in females and this gender difference was more obvious in the renal medulla than in the renal cortex. Medullary 11βHSD activity was greater in SHR than in WKY rats, but no strain differences were observed between SS/Jr and SR/Jr rats. Table 3 shows the effect of gender and strain on colonic 11βHSD activity. The differences between males and females were observed in all strains with the exception of WKY rats, in which low colonic activity of 11βHSD was similar in males and females. The strain difference in 11βHSD activity was especially prominent when males of SHR and WKY rats were compared, the activity being more than threefold higher in SHR. The level of colonic 11βHSD activity in male Dahl rats was significantly higher than that in SHR or WKY rats (p 0.01).
11βHSD activity in the aorta of Dahl rats was not only gender-but also strain-dependent (Table 4) . A low level of 11βHSD activity was detected in females of all investigated strains and in the aorta of SHR and WKY males. Interestingly, the aorta of male Dahl rats was found to possess a relatively high level of 11βHSD. Nevertheless, the highest enzyme activity in SR/Jr rats corresponded to only 2-4% of renal and 20-40% of colonic activity.
Using tissue fragments, experiments were performed to Table 1 .
identify 11β-oxidase bioactivity of 11βHSD in intact tissue and to quantify its level (Table 5 ). In all investigated strains 11βHSD was significantly higher in males than in females. Strain differences were detected in colonic and renal medullary 11βHSD between SHR and WKY rats and in aortic 11βHSD between the two strains of Dahl rats. These strain differences were more obvious in males than in females. In agreement with aortic homogenates (Table 4 ) the intact aorta of SS/Jr rats possessed less 11β-oxidase bioactivity than in SR/Jr rats.
Discussion
It is well known that there are gender-associated differences in hypertension development (1) (2) (3) (4) and that abnormalities of glucocorticoid production and metabolism have been implicated in some forms of hypertension (7, 8) . Several lines of evidence suggest that conversion of glucocorticoids by 11βHSDs might play an important role in the development of hypertension. First, administration of 11βHSD inhibitors to WKY rats not only inhibits 11βHSD activity but also induces hypertension (26) . Second, a deficiency of renal 11βHSD2 causes the syndrome of apparent mineralocorticoid excess that is associated with hypertension of the saltsensitive type (12) . Third, inhibition of 11βHSD2 activity increases vascular tone due to stimulation of angiotensin II binding, impairment of NO formation and activation of the vascular endothelin system (13, 26) . Thus it seems possible that the decrease in 11βHSD2 might be associated with hypertension in experimental animals such as SHR and SS/Jr rats. In addition, sex-related differences in 11βHSD1 have been described in several organs (9, 10) . Therefore questions arise as to whether 1) 11βHSD2 expression and enzyme activity may depend on gender and 2) there may be a relationship between 11βHSD2 activity and the gender-associated differences in the development of hypertension. Our study confirms that both normal and hypertensive rats show marked sexual dimorphism of 11βHSD and that this activity reflects the type 2 isoform. This contention is supported by the presence of NAD -dependent 11βHSD activity at a low nanomolar concentration of corticosterone and by the existence of 11β-oxidase bioactivity in intact tissue. The isoform 11βHSD1 exists as a bidirectional enzyme in tissue homogenates and microsomal fractions, but it is considered to operate only as 11-reductase in intact tissue; in contrast, 11βHSD2 always exists as 11β-oxidase (12). Our results are in agreement with the recent study of Condon et al. (11) , who demonstrated the sexual dimorphism of mouse renal and colonic 11βHSD2 at the level of enzyme activity and mRNA expression. Although our study did not address the mechanism of sexual dimorphism, we cannot rule out the possibility that sex steroids and growth hormone may play a role (9, 10) . It is well known that females of hypertensive rat strains excrete more urine and sodium in association with lower plasma aldosterone (2, 27) , but our data exclude the possibility that the increased Na reabsorption is associated with sexual dimorphism of renal glucocorticoid metabolism. 11βHSD2 prevents the binding of glucocorticoids to mineralocorticoid receptors, and thus the lower activity of 11βHSD2 could result in stimulation of mineralocorticoid receptors by corticosterone followed by an increase of Na reabsorption in renal tubules. However, this concept would be compatible with the lower corticosterone metabolizing capacity in males and higher in females.
Our finding that the strain differences of renal 11βHSD do not correlate with hypertension, although changes in Na retention exist between hypertensive and normotensive strains (28, 29) , suggests that renal 11βHSD2 does not play a role in the strain differences of blood pressure. With the exception of the difference in 11βHSD2 in the renal medulla between SHR and WKY rats, we have not observed any significant difference between 11βHSD activity in the kidney. Although a clear difference of medullary 11βHSD was found between SHR and WKY, the degradation of corticosterone was enhanced in SHR. A similar biochemical phenotype pattern of 11βHSD was also found in the colon, the Na transport properties and corticosteroid specificity of which resemble those of the renal collecting ducts. Therefore, we can conclude that the differences in Na retention in hypertensive and normotensive rats may be related to inherent differences between genders rather than to altered 11βHSD2 activity. In addition, the increased Na sensitivity and higher blood pressure in SS/Jr appear not to correlate with 11βHSD activity (Table 2 ) or 11βHSD2 mRNA expression (30) , although at least one other study has reached the opposite conclusion (17) .
11βHSD activity in the aorta was also gender-dependent, being significantly higher in male than in female Dahl rats, and was significantly lower in SS/Jr than in SR/Jr rats. Decreased 11βHSD activity and 11βHSD2 mRNA expression were also found in mesenteric arteries of Dahl-Iwai salt-sensitive rats (16) , and this enzyme has been considered to play a physiological role in the elevation of blood pressure (13, 31) . The mechanism of interaction between 11βHSD2 and vascular tone has not been fully explained, but several possibilities can be considered. First, the cyclooxygenase-derived constricting factors released from the endothelium, such as prostaglandins, are potent inhibitors of 11βHSD2 (32) . Second, the inhibition of 11βHSD in vivo decreases endothelial nitric oxide synthase (NOS) and stimulates aortic endothelin expression (26) , which is known to play an important role not only in the regulation of vascular tone but also in vascular remodeling (33) . Defects in nitric oxide (NO) production and regulation of NOS associated with increased salt intake have been described in Dahl salt-sensitive rats (34, 35) and thus the changes in NO production might influence endothelial 11βHSD2 activity. The effect of NO on 11βHSD2 was observed in human trophoblasts (36) , but no data are available in endothelial or vascular smooth muscle cells, even though both cell types have been shown to possess 11βHSD1 and 11βHSD2 (37, 38) .
In summary, we have obtained clear evidence that 11βHSD2 activity is higher in males than in females. Since 11βHSD2 acts as a dehydrogenase, the conversion of corticosterone to 11-dehydrocorticosterone is enhanced in males and thus it is unlikely that 11βHSD2 is directly involved in gender-associated differences of hypertension development. Nevertheless, the finding of decreased corticosterone inactivation in the aorta of male and female hypertensive Dahl salt-sensitive rats indicates that impaired 11β-dehydrogenation might potentiate corticosterone activity in the regulation of vascular tone.
